Introduction {#sec1}
============

Oxygen level in natural environments undergoes dynamic changes and provides different oxygen availability to eukaryotes including metazoan, plants, and microbes in their niches. Oxygen availability in a given environment varies greatly from normoxia (basal level of oxygen) to anoxia (naturally oxygen absence). Hypoxia is an intermediate state between normoxia and anoxia, generally described as reduced oxygen availability. It occurs during oxygen depletion, which makes it difficult to perform normal physiological and pathological activities ([@ref28]; [@ref37]). Microbes that have diverse habitats, especially pathogenic microbes, are exposed to varying oxygen levels in both terrestrial and host environments having different oxygen states ([@ref28]; [@ref37]; [@ref12]). Hypoxia also occurs at most infection sites and generates significant environmental stress on hosts and pathogens ([@ref63]; [@ref11]). Therefore, out of necessity, eukaryotes evolved sophisticated mechanisms for sensing and adapting to altered oxygen levels. This review gives an overview of the oxygen sensing and signaling mechanisms of eukaryotes and reviews the impact of hypoxia on cellular physiology and virulence in fungal pathogens.

Oxygen Sensing and Signaling Mechanisms of Eukaryotes in Hypoxia {#sec2}
================================================================

Eukaryotes have acquired multiple oxygen sensors and signal transduction pathways to survive under hypoxic environments. Sensing oxygen changes involves direct sensing by proteins or ligands, directly binding or reacting with oxygen, and indirect sensing by alterations in cellular homeostasis including redox balance and sterol homeostasis ([@ref4]; [@ref78]). Mammals and plants, respectively, have direct sensing mechanisms, such as the hypoxia-inducible factor-1 (HIF-1) pathway ([@ref80]; [@ref33]; [@ref21]; [@ref6]; [@ref59]), and group VII ethylene response factors (ERFs) regulated by the N-end rule pathway ([@ref34]; [@ref53]; [@ref78]). In normoxia, HIF-1α is hydroxylated by prolyl hydroxylase domain-containing enzymes (PHDs), which in turn binds with the von Hippel-Lindau protein (VHL) and is degraded in the proteosome by E3 ubiquitin ligase ([@ref6]; [@ref59]). HIF-1α is also hydroxylated by asparaginyl hydroxylase, factor-inhibiting HIF-1α (FIH-1) in normoxia. Hydroxylation of HIF-1α by FIH-1 disrupts the interaction between HIF-1α and co-activators, p300/CBP, inhibiting transcriptional activity of HIF-1α. In hypoxia, proline and asparagine hydroxylation of HIF-1α decreases by inactivation of PHDs and FIH-1, consequently the rate of HIF-1α degradation is reduced and HIF-1α binding with p300/CBP is activated for transcriptional regulation of hypoxia-responsive genes related to redox homeostasis, autophagy, tumorigenesis, and angiogenesis ([Figure 1A](#fig1){ref-type="fig"}; [@ref6]; [@ref59]). ERF such as RAP2.12 is continuously expressed and forms a complex with membrane-bound acyl-coA binding proteins (ACBPs) in normoxia ([@ref34]; [@ref53]; [@ref78]). When exposed to hypoxia, RAP2.12 is dissociated from ACBPs and translocated in the nucleus for activating hypoxia-responsive genes. Upon reoxygenation, the N-terminal methionine of RAP2.12 is cleaved, leading to the oxidation of an exposed cysteine by cysteine oxidases and protein degradation *via* N-end rule pathway ([@ref34]; [@ref53]; [@ref78]). In contrast, direct sensing mechanisms have not been uncovered in microbes.

![Hypoxic responses of mammals and human fungal pathogens. **(A)** Hypoxia-inducible factor-1 (HIF-1) pathway of mammals in hypoxia during fungal infection. **(B)** Cellular responses of human fungal pathogens in hypoxia. PMN, polymorphonuclear leukocyte; HIF-1, hypoxia-inducible factor-1; VHL, von Hippel-Lindau protein; NO, nitric oxide.](fmicb-11-01920-g001){#fig1}

Indirect sensing mechanisms have been widely described on mitochondrial reactive oxygen species (ROS) and nitric oxide (NO) productions and sterol homeostasis ([@ref47]; [@ref4]; [@ref27]; [@ref14]; [@ref30]; [@ref71]; [@ref87]; [@ref68]; [@ref91]; [@ref74]). Mitochondria, along with the activation of the plasma membrane NAD(P)H oxidase, have been implicated in activating diverse hypoxic responses through the production of ROS and NO ([@ref4]; [@ref14]; [@ref91]; [@ref74]). ROS and NO are generated from complex III or IV of the electron transport chain (ETC) and are released to the cytosol during hypoxia. Mitochondrial oxygen-sensing and hypoxic responses are evolutionarily conserved in eukaryotes ([@ref4]; [@ref14]; [@ref91]). In mammals, hypoxia-induced ROS, including superoxide anion (O~2~^−^) and hydrogen peroxide (H~2~O~2~), are involved in the stabilization of HIF-1 by inhibiting PHD activity ([@ref59]; [@ref91]). ROS also participate in the activation of other hypoxia-responsive transcription factors, carotid body chemotransduction as an O~2~ sensor, and the release of calcium and other molecules such as cytochrome c ([@ref4]; [@ref91]). ROS production in plants under hypoxia is also linked to the activation of transcription factors such as heat shock proteins ([@ref74]). This allows plants to acclimate to stress conditions by driving specific developmental processes that improve the transport of oxygen to organs. NO production in hypoxia, intriguingly, contributes to a destabilization of group VII ERFs in the N-end rule pathway through N-terminal cysteine modification as in normoxia ([@ref34]; [@ref53]; [@ref78]; [@ref74]). In *Saccharomyces cerevisiae* and *Fusarium oxysporum* exposed to hypoxia, mitochondrial ROS and NO are also involved in hypoxic signaling ([@ref47]; [@ref87]). ROS in *S. cerevisiae*, for example, leads to increased levels of protein and DNA oxidation and increased expression of the oxidative stress-responsive gene, *SOD1* ([@ref24]; [@ref14]). Produced NO combines with superoxide to form peroxynitrite, which promotes protein tyrosine nitration of specific proteins involved in the hypoxic signaling pathway ([@ref14]).

Sterol homeostasis in cells also acts as an oxygen sensing mechanism in eukaryotes. Sterol biosynthesis is a highly oxygen-consumptive process due to oxygen-dependent enzymatic activities. Synthesis of one molecule of sterol requires 11 or 12 molecules of oxygen ([@ref30]; [@ref68]; [@ref11]). Sterol regulatory element binding proteins (SREBPs) have been well-studied as principal regulators of sterol biosynthesis in hypoxia and sterol depletion in eukaryotes including fungal pathogens ([@ref27]; [@ref7]; [@ref68]; [@ref12]; [@ref11]). SREBPs are the membrane-bound bHLH transcription factors initially synthesized as inactive precursors and anchored in the endoplasmic reticulum (ER) by SREBP cleavage-activating protein (SCAP) which interacts with ER-resident protein, INSIG. The SREBP-SCAP complex is retained in the ER membrane in normoxia, while SCAP escorts SREBPs from the ER to Golgi where SREBPs are cleaved by protease or Dsc E3 ligase complex for activation in hypoxia. Following proteolytic cleavage activation, activated SREBPs (SREBP N-terminus) are released to the cytoplasm and moved into the nucleus to regulate the expression of hypoxia-responsive genes involved in sterol biosynthesis, lipid and heme biosynthesis, and iron homeostasis. Although SREBP pathway has been conserved in eukaryotes, the components of the SREBP pathway vary among fungi ([@ref7]; [@ref12]; [@ref54]). SCAP homologs are conserved, for example, in *Schizosaccharomyces pombe* and *Cryptococcus neoformans*, but absent in *Aspergillus fumigatus* and *Paracoccidioides* spp. ([@ref7]; [@ref12]; [@ref54]). The feature of SREBP, a transmembrane helix, is also different among fungi ([@ref20]). SREBPs of *A. fumigatus* (SrbA) and *S. pombe* (Sre1 and Sre2) contain one or two transmembrane helices, but there is no transmembrane helix in *A. fumigatus* SrbB, *C. neoformans* Sre1, and *Magnaporthe oryzae* MoSREs ([@ref20]). In *S. pombe*, SREBP N-terminus is further regulated in the nucleus by prolyl-hydroxylase Ofd1 and its inhibitor Nro1 ([@ref68]; [@ref12]; [@ref11]). SREBP N-terminus is degraded *via* the proteasome by the oxygen-dependent activation of Ofd1 in normoxia. In hypoxia, however, Nro1 inhibits Ofd1 activation and SREBP N-terminus acts as a transcriptional regulator.

Hypoxia in Human Fungal Pathogens {#sec3}
=================================

Healthy human organs or tissues have diverse oxygen distribution, which ranges from less than 2% to a high of 14% ([Table 1](#tab1){ref-type="table"}; [@ref65]; [@ref28]; [@ref66]; [@ref39]; [@ref98]; [@ref48]; [@ref29]). On the other hand, wounds, necrotic tissue sites, tumors, and cancers have an oxygen level of less than 1% ([@ref28]; [@ref66]; [@ref19]; [@ref37]; [@ref39]; [@ref98]; [@ref48]; [@ref29]). Human fungal pathogens located in less oxygenic areas encounter alterations in oxygen availability within human tissues during infection. Oxygen consumption from both the host and pathogen and immune responses of the host also contribute to the rapid decrease of available oxygen at sites of infection by fungal invasion ([@ref37]; [@ref56]). Together, these factors potentially lead to hypoxia for fungal pathogens. In invasive pulmonary aspergillosis, for example, hypoxia at the site of infection was detected through a decrease in a bioluminescence signal that requires oxygen for the light-producing luciferase reaction, the hypoxia detection agent pimonidazole hydrochloride (Hypoxyprobe-1), and the fluorescent HypoxiSense probe ([@ref44]; [@ref36]). Distinct hypoxic regions during infection were also shown in *Histoplasma capsulatum* via an immunohistopathology and flow cytometry using an *in vivo* hypoxia detection agent (Hypoxyprobe-2; [@ref25]). Hypoxyprobe-2 was detected within liver granulomas induced by the fungus and the surrounding liver parenchyma, and hypoxia in liver was gradually expanded to the entire liver. Hypoxia within the granuloma was also determined by the increased transcript levels of *HIF-1α*, a mammalian hypoxia-responsive gene, and downstream effector genes ([@ref25]). In *Candida albicans*, hypoxia measurement using HypoxiSense probe revealed that hypoxia is generated by high infiltration of polymorphonuclear leukocytes (PMNs) to the site of infection in host during fungal infection ([Figure 1A](#fig1){ref-type="fig"}; [@ref56]). These observations suggest that the ability of fungal pathogens to adapt to hypoxia is critical for their survival and pathogenicity. Current understandings of fungal adaptations to hypoxia and the linkage between these mechanisms and fungal virulence are reviewed in the following sections.

###### 

Oxygen concentration in organs and tissues.

  Name of organ or tissue                               Oxygen concentration (%)   Reference
  ----------------------------------------------------- -------------------------- ----------------------
  **Mammals**                                                                      
  Lung parenchyma; liver; kidneys; heart; circulation   4--14                      ([@ref39])
  Brain                                                 0.5--8                     ([@ref39])
  Eyes (retina and corpus vitreous)                     1--5                       ([@ref39])
  Bone marrow                                           1--6                       ([@ref39])
  Adipose tissue                                        2--8                       ([@ref39])
  Skin                                                  6                          ([@ref65]; [@ref66])
  Pancreas                                              4.2--5.6                   ([@ref28]; [@ref48])
  Duodenum                                              9.8                        ([@ref28]; [@ref29])
  Intestine                                             7                          ([@ref98])
  **Plants**                                                                       
  Seed coats                                            1                          ([@ref76]; [@ref31])
  Silique                                               6--12                      ([@ref31])
  Phloem                                                5--7                       ([@ref90])
  Root meristem                                         4--10                      ([@ref67])
  Tuber (periphery)                                     8--10                      ([@ref32])
  Tuber (center)                                        2--5                       ([@ref32])

Aspergillus fumigatus {#sec4}
---------------------

The airborne mold *A. fumigatus* is a typical saprophytic, obligate aerobe and a facultative anaerobe. *A. fumigatus* could sustain mycelial growth in low oxygen levels, around 0.1--1%, and showed different responses to hypoxia depending on the duration of hypoxic exposure rather than the type of culture condition ([@ref5]; [@ref51]; [@ref57]; [@ref41]). Transcriptome analysis of *A. fumigatus* in hypoxia revealed that hypoxia first affected mitochondrial functions and redox balance ([Figure 1B](#fig1){ref-type="fig"}; [@ref57]; [@ref41]). Hypoxia negatively affected mitochondrial respiration and the tricarboxylic acid (TCA) cycle, but positively affected the γ-aminobutyrate (GABA) shunt, which bypasses TCA cycle ([@ref5]; [@ref41]). Longer hypoxic exposure, in turn, induced transcripts related to oxygen-dependent biosynthesis, including ergosterol and heme biosynthesis, and iron homeostasis and diverse secondary metabolisms such as glycolysis, fatty acid metabolism, and cell wall biosynthesis ([Figure 1B](#fig1){ref-type="fig"}; [@ref51]; [@ref41]). These regulatory alterations are closely related to ATP generation and fungal growth in the absence of oxygen. The hypoxic transcription factor SREBP, which regulates ergosterol biosynthesis, has been well-studied in *A. fumigatus* ([@ref95]; [@ref9]; [@ref18]). SREBPs in *A. fumigatus*, SrbA and SrbB, are critical for normal fungal growth and disease development in hypoxia by directly regulating genes related to ergosterol and heme biosynthesis, iron uptake, and nitrate assimilation ([@ref18]). SrbB also regulates carbohydrate metabolism independent of SrbA.

Heterogeneity in hypoxia fitness, microbial colony morphologies, and virulence has been reported in isolates of *A. fumigatus*, and significant correlation among hypoxia fitness, alterations in colony morphologies, and virulence was observed ([@ref49], [@ref50]). When comparing *in vitro* hypoxia fitness and *in vivo* virulence of *A. fumigatus* isolates, increased hypoxia fitness was higher virulent in the triamcinolone model of invasive pulmonary aspergillosis ([@ref49]). In addition, chronic hypoxia exposure leads to increased virulence of *A. fumigatus*. *A. fumigatus* isolates have two microbial colony morphologies, colony furrowing and percentage vegetative mycelia (white, non-conidiating mycelia, PVM), which are associated with biofilm architecture affected by oxygen ([@ref50]). The isolates with high furrowing and high PVM altered inter-hyphal interactions in the developing biofilms, resulting in a loss of vertically polarized growth toward air, increased hypoxia fitness, and consequently enhanced virulence. These results can explain that natural environments varying oxygen tensions can generate genetic and phenotypic alterations of some isolates to thrive within the host and result in the virulence heterogeneity between *A. fumigatus* isolates ([@ref49], [@ref50]).

Candida albicans {#sec5}
----------------

The opportunistic pathogenic yeast *C. albicans* colonizes diverse areas of the human body from aerobic body sites (skin and mucosal surfaces) to multiple internal organs and tissues (gastrointestinal area; [@ref81]). In *C. albians*, hypoxia induced the transcription of genes involved in iron metabolism, ergosterol and heme biosynthesis, fatty acid metabolism, and cell wall biosynthesis, but reduced the transcription of genes involved in mitochondrial respiration and the TCA cycle, similar to *A. fumigatus* ([Figure 1B](#fig1){ref-type="fig"}; [@ref81]; [@ref28]; [@ref84]; [@ref37]). Hypoxia adaptation of *C. albicans* is associated with the regulation of hypha formation, which is required for biofilm formation, an important virulence factor ([@ref84]). Hypha formation in hypoxia is regulated by transcription factor Efg1p, which allows hypoxic regulation of about half of hypoxia-responsive genes involved in glycolysis, sulfur and iron metabolisms, and fatty acid biosynthesis ([Figure 1B](#fig1){ref-type="fig"}; [@ref81]; [@ref84]). Another transcription factor, Ace2p, also regulates hypha formation in response to hypoxia ([@ref62]; [@ref28]; [@ref35]). Ergosterol homeostasis of *C. albicans* in hypoxia is regulated by Upc2p, a transcriptional regulator of ergosterol biosynthesis, instead of SREBP homologs ([@ref83]; [@ref58]; [@ref35]; [@ref86]; [@ref37]). Upc2p is required for growth in hypoxia rather than virulence in *C. albicans*.

Recent studies revealed that hypoxia is generated by high infiltration of PMNs to the site of infection in host during fungal infection ([Figure 1A](#fig1){ref-type="fig"}; [@ref56]; [@ref72]). PMNs recognize *β*-glucan on the surface of *C. albicans*, a key pathogen-associated molecular pattern (PAMP), through Dectin-1 on the surfaces of PMNs. However, PMN-induced hypoxia triggers *C. albicans* cell wall masking of *β*-glucan, which in turn hinders PAMP sensing of PMNs ([@ref56]). Consequently, *C. albicans* can escape the immune surveillance by disturbing specific PMN responses such as phagocytosis, ROS generation, or release of the extracellular DNA traps, resulting in enhanced fungal virulence. Hypoxia-induced *β*-glucan masking is dependent upon mitochondrial and cAMP-protein kinase A (PKA) signaling ([@ref72]). Defects in mitochondrial function, hydrogen peroxide production, and cAMP-PKA signaling resulted in inhibition of *β*-glucan masking.

Cryptococcus neoformans {#sec6}
-----------------------

The encapsulated yeast *C. neoformans* is an obligate aerobe and an opportunistic fungal pathogen. Although optimal growth of *C. neoformans* requires atmospheric oxygen levels (\~21%), this fungus needs to have mechanisms to adapt to hypoxia due to its habitats such as the intestinal tract of pigeons and the human lungs and brain ([@ref45]; [@ref28]). Transcriptional profiling of *C. neoformans* in hypoxia revealed that genes involved in hexose uptake, ethanol production, heme and ergosterol biosynthesis, fatty acid metabolism, and iron homeostasis were upregulated, as were the cases for *A. fumigatus* and *C. albicans* ([Figure 1B](#fig1){ref-type="fig"}; [@ref17]; [@ref45]). In contrast to the hypoxic responses of *A. fumigatus* and *C. albicans*, genes related to mitochondrial function and respiration were upregulated and genes related with cell wall and capsule biosynthesis were downregulated in hypoxia ([@ref17]; [@ref45]; [@ref28]; [@ref35]; [@ref37]). SREBP homolog (*SRE1*) in *C. neoformans* is also well known to be responsible for hypoxic growth and fungal virulence by regulating the expression of genes involved in ergosterol biosynthesis and iron uptake pathways ([@ref15]; [@ref17]; [@ref35]; [@ref37]). In addition to Sre1p, *C. neoformans* also has a fungus-specific histidine kinase (Tco1p) critical for hypoxic growth and virulence ([@ref17]; [@ref35]; [@ref37]). The Tco1p pathway might post-transcriptionally regulate hypoxic adaptation in an unknown manner.

*Paracoccidioides* spp. {#sec7}
-----------------------

*Paracoccidioides* spp. inhabit in subsurface layers of organic matter in natural environments and cause paracoccidioidomycosis in human lungs which compose low oxygen levels. In both habitats, *Paracoccidioides* spp. must tolerate and overcome hypoxia. Proteomic analysis under hypoxia (1% O~2~) revealed global metabolic changes including proteins associated with energy metabolism, mitochondrial activity, and lipid metabolism ([Figure 1B](#fig1){ref-type="fig"}; [@ref54]). In short exposure to hypoxia, proteins involved in energy metabolism, mitochondrial activity, glycolysis, and the TCA cycle were reduced in abundance. In contrast, aldehyde dehydrogenase and long-chain specific acyl-CoA dehydrogenase enzymes were induced, suggesting that the acetyl-CoA is produced *via* acetaldehyde and beta-oxidation pathway rather than glycolysis ([@ref54]). In longer hypoxic exposure, reduced levels of proteins involved in energy metabolism and glycolysis were restored ([@ref54]). However, proteins associated with TCA cycle were still reduced in longer hypoxia; instead, proteins associated with GABA shunt were increased, which is known as an alternative route to the TCA cycle. Enzymes involved in beta-oxidation and in production of ergosterol precursor were also increased. These results suggest that the fungus in hypoxia might be remodeling the fatty acid content of membrane lipids to keep the membrane fluidity ([@ref54]). *Paracoccidioides* spp. have conserved SREBPs, named as *PbsrbA*, similar with other human pathogens, *A. fumigatus* and *C. neoformans* ([@ref15]; [@ref95]; [@ref9]; [@ref54]). *PbSrbA* is required for hypoxic adaptation, iron acquisition, ergosterol homeostasis, and tolerance to azole drugs.

Histoplasma capsulatum {#sec8}
----------------------

*H. capsulatum*, a causal agent of histoplasmosis, like the other human fungal pathogens, must overcome the hypoxic microenvironments to cause disease ([@ref35]; [@ref37]; [@ref25]). When *H. capsulatum* was exposed to hypoxia, the genes related to ergosterol biosynthesis, the transport of metabolic products, nitrosative stress, and guanine nucleotide exchange were positively regulated under control of *H. capsulatum* SREBP (Srb1) in a time-dependent manner ([Figure 1B](#fig1){ref-type="fig"}; [@ref25]; [@ref26]). Srb1 is necessary for *H. capsulatum* to quickly adapt to hypoxia, withstand the intracellular environment of macrophages, and successfully cause disease and itraconazole resistance ([@ref26]).

Mucor irregularis {#sec9}
-----------------

*Mucor irregularis*, a causal agent of cutaneous mucormycosis, thrives in a skin where the oxygen pressure is only 41 mmHg (\~6% oxygen concentration; [@ref65]; [@ref66]; [@ref96]). Therefore, *M. irregularis* must overcome hypoxia in the human body to survive. *M. irregularis* showed growth retardation in hypoxia compared to normoxia, suggesting that *M. irregularis* may slowly grow during the invasion of human skin to adapt to the hypoxic skin microenvironment ([@ref96]). According to the transcriptome data, *M. irregularis* may use the intralipid pool and the extracellular lipid absorbed through endocytosis instead of the carbohydrates as energy source during infection ([@ref96]). RNA-seq under 6% O~2~ concentration revealed that genes involved in carbohydrate metabolism such as glycolysis, pentose phosphate pathway, oxidative phosphorylation, and GABA shunt were downregulated, while genes involved in gluconeogenesis, lipid/fatty acid metabolism, beta-oxidation, and endocytosis were upregulated ([Figure 1B](#fig1){ref-type="fig"}; [@ref96]). The ergosterol biosynthesis-related genes were not significantly affected by hypoxia, except for genes encoding sterol reductase and a cytochrome P450.

Hypoxia in Plant Pathogens {#sec10}
==========================

Although plants produce oxygen as a by-product of photosynthesis, internal oxygen concentrations can fall to low levels within plant tissues due to a reduced supply of oxygen from the external environment ([@ref31]; [@ref4]). These natural environments include flooding, excess rainfall, submergence, waterlogging, soil compaction, and microbial activity. Plants are also faced with oxygen deficiency in different tissue sites and plant species, depending on their physical and physiological characteristics, even under normal oxygenated conditions ([@ref97]; [@ref63]). Low oxygen levels are found within root meristems, tubers, phloem, and seeds ([Table 1](#tab1){ref-type="table"}; [@ref67]; [@ref32]; [@ref76]; [@ref31]; [@ref90]; [@ref64]). These internal oxygen decreases occur because of not only high oxygen consumption rates resulting from active cellular metabolism but also poor oxygen diffusion due to the lack of an oxygen circulatory system ([@ref31]; [@ref4]; [@ref97]; [@ref63]). Steep drops in oxygen concentration also occur during the germination of seeds and pollen, tuber growth, and fruit development ([@ref4]; [@ref63]; [@ref64]). Thus, plant pathogens can encounter alterations in oxygen availability within plant tissues and need to adapt to hypoxia during infection.

External Hypoxia for Plant Disease Development {#sec11}
==============================================

The effects of hypoxia on plant diseases have been widely reported in numerous studies over the last few decades ([@ref23]; [@ref77]; [@ref43]; [@ref10]; [@ref1]; [@ref60]; [@ref13]; [@ref3]; [@ref46]; [@ref61]). Hypoxia positively and negatively affects disease development by altering host defense responses ([Figures 2A](#fig2){ref-type="fig"},[B](#fig2){ref-type="fig"}). Oxygen status of the tuber, for example, is the critical environmental factor for bacterial soft rot susceptibility and symptom progression upon infection with soft rot *Enterobacteriaceae* (*Pectobacterium* spp. and *Dickeya* spp.; [@ref23]). Hypoxia altered the activities of pectate lyases secreted by a bacterial pathogen *Erwinia carotovora* and the expression levels of plant defense genes, which resulted in the increased severity of bacterial soft rot on potato tubers caused by *E. carotovora* ([@ref77]). Secreted pectate lyases responsible for the maceration of tuber tissues elicited rapid decay of tubers under hypoxia rather than aerobic conditions. Moreover, decreased transcript levels of two plant defense genes, extensin and phenylalanine ammonia-lyase (PAL), in response to hypoxia, also resulted in high susceptibility of tubers to *E. carotovora* infection ([@ref77]). Like *E. carotovora*, *Dickeya dadantii* produced increased level of pectate lyase and showed differential expressions of genes associated with anaerobic metabolism under hypoxia ([@ref43]; [@ref3]). Mutagenesis in *Dickeya solani* was also identified hypoxia-related genes involved in fundamental bacterial metabolism, virulence, bacteriocin, and proline transport, which are required for successful disease development ([@ref55]). In addition to bacterial soft rot, hypoxia increased the susceptibility of hosts infected with a fungal pathogen *F. oxysporum* and oomycete pathogen *Phytophthora* species ([@ref82]; [@ref10]; [@ref1]). In banana, cv. Williams is resistant to *Fusarium* wilt disease caused by *F. oxysporum* f. sp. *cubense* (Foc) but succumbs to the disease under hypoxia ([@ref82]; [@ref1]). Although hypoxia stimulated the activities of the plant defense-associated enzymes, PAL and peroxidase (PER), it was not sufficient to prevent disease development. Furthermore, hypoxia might cause irreparable damage to root functions, which may be more susceptible to disease development ([@ref1]). *Eucalyptus marginata* showed high colonization by *Phytophthora cinnamomi* and increased susceptibility to the pathogen under root hypoxia caused by waterlogging ([@ref10]). *E. marginata* in root hypoxia highly activated the plant defense-associated enzymes, PAL, 4-coumerate coenzyme A ligase (4-CL), and cinnamyl alcohol dehydrogenase (CAD), and highly concentrated soluble phenolics ([@ref10]). However, the relative increase in enzyme activity in response to the pathogen was much lower in plants exposed to hypoxia than normal aerobic conditions, resulting in decreased ability of *E. marginata* to confront the pathogen in hypoxia. This suggests that the enzymes produced during hypoxia might have a more general function than plant defense and are less targeted to the site of infection ([@ref10]). Similar effects of waterlogging-induced hypoxia on disease severity have been also reported in pyrenthrum infected by the crown and root rot pathogens *F. oxysporum*, *Fusarium avenaceum*, and *Paraphoma vinacea*, and foliar pathogen *Stagonosporopsis tanaceti* ([@ref46]; [@ref61]). Waterlogging exacerbates the effect of the pathogens on root expansion, dry weight, and total biomass of root. This synergistic effect may be due to reduction in ATP production by hypoxia, resulting in weakened roots of plant ([@ref61]). In addition, hypoxia suppressed oxidative burst and hypersensitive cell death in tobacco and soybean cells inoculated with incompatible isolates of *Phytophthora* species (*P. nicotianae* and *P. sojae*, respectively), which allowed incompatible isolates to infect and colonize host cells ([@ref60]). Increased disease severity due to hypoxia has also been reported for root rot on apples, cherries, alfalfa, and safflower by *Phytophthora* species ([@ref52]; [@ref40]; [@ref94]; [@ref93]; [@ref1]). In contrast, hypoxia generated by waterlogging and hydromorphic forest ecosystems has a negative effect on the survival of the root rot fungus, *Collybia fusipes* ([@ref13]). Reduced mycelial growths of *C. fusipes* and another root rot fungus, *Heterobasidion annosum*, under low oxygen condition, supported that the fungal pathogens are highly susceptible to hypoxia ([@ref13]). Hypoxia also negatively affects the biosynthesis of mycotoxins in mycotoxin-producing fungal plant pathogens ([@ref70]; [@ref69]; [@ref88]). The postharvest pathogen *Penicillium griseofulvum* produced less patulin toxin in low oxygen conditions (1 or 5% O~2~ concentration; [@ref70]) and *Fusarium sporotrichioides*, one of *Fusarium* species, produced only trace amounts of T-2 toxin under 5% O~2~ concentration ([@ref69]). *Fusarium graminearum*, a main deoxynivalenol (DON) producer and a causal agent of *Fusarium* head blight in cereal crops, showed less DON production and strongly attenuated virulence under hypoxia but normal radial growth similar to that under normoxia ([@ref88]). The effect of external hypoxia on plant disease development has been studied in numerous plant-pathogen interactions ([@ref23]; [@ref52]; [@ref40]; [@ref94]; [@ref22]; [@ref77]; [@ref93]; [@ref2]; [@ref82]; [@ref10]; [@ref1]; [@ref60]; [@ref13]; [@ref3]; [@ref46]; [@ref61]), but direct evidence for the occurrence of hypoxia within the plant during pathogenic infection and the effects of hypoxia on both plant host and pathogen have received little attention.

![Responses of host plants and pathogens to external and internal hypoxia. **(A)** *In planta* responses during infection under external normoxia. **(B)** Effect of external hypoxia on *in planta* responses during infection. External hypoxia induces host susceptibility by regulating defense responses and affecting tissue functions. **(C)** Effect of internal hypoxia on host plants and pathogens. The pathogen infection leads to internal hypoxia in host plant, and hypoxic environment affects both the host and the pathogen. PAL, phenylalanine ammonia-lyase; PER, peroxidase; 4-CL, 4-coumerate coenzyme A ligase; CAD, cinnamyl alcohol dehydrogenase; ROS, reactive oxygen species; HCD, hypersensitive cell death; PDC, pyruvate decarboxylase; ADH, alcohol dehydrogenase.](fmicb-11-01920-g002){#fig2}

Internal Hypoxia During Plant-Pathogen Interaction {#sec12}
==================================================

Pathogen-derived *in planta* hypoxia and the hypoxic responses of both hosts and pathogens have been studied ([@ref42]; [@ref73]; [@ref38]; [@ref20]; [@ref89]). When the parasitic fungus *Blumeria graminis* f. sp. *hordei* infects barley, photosynthetic rates at the site of attack are progressively reduced, hence less oxygen formation ([@ref79]; [@ref85]; [@ref8]). Oxygen pressure at the site of attack is further reduced by ROS production at the early stages of infection ([@ref42]). *B. graminis* f. sp. *hordei* infection also resulted in induced transcript levels of the barley alcohol dehydrogenase (ADH) genes, *HvADH1* and *HvADH2* ([@ref73]). It suggests that the fermentation pathway can be important to maintain the energy metabolism of host under hypoxia during infection. It was also demonstrated that the hypoxia responses of *Arabidopsis* roots are promoted by infection with the gall-inducing protist pathogen, *Plasmodiophora brassicae*, which aids in the development of clubroot, a root gall disease ([@ref38]). Hypoxia-related genes encoding pyruvate decarboxylase (*PDC1* and *PDC2*) and *ADH1* in *Arabidopsis* were upregulated during *P. brassicae* infection ([Figure 2C](#fig2){ref-type="fig"}; [@ref38]). *PDC1* and *PDC2* mutants showed significantly weak clubroot symptoms. In addition, defects in components of the N-end rule pathway (constitutive activation of hypoxia responses) resulted in enhanced root gall symptoms, while defects in group VII ERF transcription factors (constitutive repression of hypoxia responses) resulted in reduced disease development ([@ref38]). These results suggest that the hypoxia responses of *Arabidopsis* during *P. brassicae* infection may initially result from competition for oxygen between the host and the pathogen, but consequently results in disease development.

Using non-invasive planar optode technology and geostatistical spatial analysis, it has been recently investigated that behavior patterns of *F. oxysporum* f. sp. *lycopersici* depending on presence and absence of tomato root by visualizing and quantifying the dynamics of O~2~ consumption ([@ref75]). The air saturation of the pathogen decreased first by the increase in fungal respiration, and then the air saturation of the inner core (root) peaked and decreased during root-pathogen interaction. Afterwards, the air saturation of the pathogen recovered again. *F. oxysporum* f. sp. *lycopersici* tended to grow toward tomato root, in contrast, the fungus moved with a Brownian motion (random) when the root was absent ([@ref75]). More direct evidences of hypoxia emergence within hosts during fungal infection have been reported in the hemibiotrophic fungus *M. oryzae* causing rice blast ([@ref20]) and the necrotrophic fungus *Botrytis cinerea* causing gray mold ([@ref89]). In *M. oryzae*, internal oxygen flux in rice tissues infected by the fungus and occurrence of *in planta* hypoxia during fungal infection were observed via two visualizing methods ([@ref20]). A non-invasive optical oxygen sensor indicated that the oxygen concentration within rice leaf tissues decreased by 13--14% during infection with *M. oryzae*, while healthy rice leaves had a 19% oxygen level ([@ref20]). Furthermore, an immunofluorescence assay based on Hypoxyprobe-1 showed that intracellular hypoxia is persisted after fungal penetration ([@ref20]). The occurrence of hypoxia in infected rice was also supported by induced expression of rice genes related to hypoxia during *M. oryzae* infection. These observations directly revealed, for the first time in plants and plant pathogens, that both fungal pathogen and host are able to experience hypoxia during pathogenesis. However, the exact concentration of oxygen in rice cells during fungal infection is still unclear but remains an exciting area for further investigation. Transcriptional profiling of *M. oryzae* in a restricted oxygen condition resulted in the identification of hypoxia-responsive genes involved in mitochondrial function, redox processes, energy metabolisms, ergosterol and heme biosynthesis, fatty acid biosynthesis, and iron uptake ([Figure 2C](#fig2){ref-type="fig"}; [@ref16]). These hypoxia responses of *M. oryzae* are conserved in eukaryotes, including human fungal pathogens. Among them, defects in genes encoding SREBP transcription factors (*MoSRE1* and *MoSRE3*) showed attenuated growth under hypoxia, and Δ*Mosre1* displayed reduced invasive growth, suggesting that the SREBP pathway in *M. oryzae* also plays important roles in mycelial growth under hypoxia as well as fungal pathogenicity ([@ref16]; [@ref20]). In *B. cinerea*, local hypoxia in *Arabidopsis* leaves during infection was demonstrated through the expression of hypoxia-responsive genes, GUS reporter system using the promoter of plant cysteine oxidase (PCO), and direct measurement of O~2~ content with an oxygen microsensor ([@ref89]). There was the induction in the expression of several hypoxia-responsive genes including hypoxia-responsive ERF gene (HRE2) in the leaves infected with *B. cinerea*. O~2~ content at the site of infection was decreased from 18% in control leaves to less than 2% when it was measured with the oxygen sensor ([@ref89]). Local hypoxia was also confirmed via pPCO1:GUS reporter system based on that PCO1 is strongly and specifically induced by hypoxia ([@ref92]; [@ref89]). These results suggest that the metabolic activity of the living fungus is responsible for the increase in O~2~ consumption within host and induces local hypoxia at the site of infection in *Arabidopsis* leaves, which is part of defense response of host ([@ref89]). We have begun to understand the occurrence and effects of hypoxia on plant-pathogen interactions, many questions remain to be answered regarding the adaptive mechanisms of plant pathogens to *in planta* hypoxia and the roles of hypoxia-responsive genes during infection.

Conclusions and Future Perspectives {#sec13}
===================================

In 2019, Nobel Prize in Medicine and Physiology has highlighted the important discovery of oxygen sensing mechanisms and adaptation of eukaryotes to hypoxia, which pave the way for new treatment strategies for anemia and cancer. This review summarized the current knowledge of oxygen sensing and adaptation mechanisms of eukaryotes including fungal pathogens in response to hypoxia. Hypoxia is a common pathophysiological phenomenon with rapid and profound consequences on cellular metabolisms when pathogens infect hosts. Thus, both hosts and pathogens need to adapt to hypoxia by sensing the alteration in microenvironements and manipulating transcripts and proteins related to hypoxia responses. As recent observations in rice-*M. oryzae* and *Arabidopsis*-*B. cinerea* revealed that hypoxia occurs within plant cells during fungal infection ([@ref20]; [@ref89]), it is imperative to investigate further oxygen-sensing mechanisms and hypoxic adaptations in plant pathogens. However, our understanding of these mechanisms has been limited in human diseases. Mammals and plants have direct sensing mechanisms such as HIF-1 and group VII ERFs, to cope with hypoxia ([@ref4]; [@ref78]); however, the direct oxygen-sensing mechanisms of microbes are still undefined and remain to be determined. Hypoxia also rapidly affects oxygen-dependent metabolisms, including mitochondrial functions, heme biosynthesis, and ergosterol homeostasis, which have been reported as an indirect oxygen-sensing mechanisms ([@ref4]; [@ref27]; [@ref14]; [@ref30]; [@ref71]; [@ref87]; [@ref68]; [@ref91]; [@ref74]). Mitochondrial functions such as mitochondria-derived ROS and NO signaling have been well studied as hypoxic signaling pathways and oxidative stress response in *S. cerevisiae* and *F. oxysporum* ([@ref47]; [@ref24]; [@ref14]; [@ref87]). However, further detailed studies on mitochondrial functions are still needed in fungal pathogens. Ergosterol homeostasis has also been widely studied as an oxygen-sensing mechanism in fungal pathogens, especially *A. fumigatus*, *C. neoformans*, *Paracoccidioides* spp., and *H. capsulatum* ([@ref28]; [@ref35]; [@ref41]; [@ref54]; [@ref25]; [@ref26]). Once ergosterol homeostasis is altered by hypoxia, SREBP is activated, which regulates ergosterol biosynthesis-related genes for adaptation to hypoxia. The SREBP pathway in those human fungal pathogens is an important determinant of hypoxic adaptation and virulence ([@ref15]; [@ref95]; [@ref28]; [@ref35]; [@ref18]; [@ref41]; [@ref54]; [@ref26]). SREBPs in *M. oryzae* are also important transcriptional regulators in the response to hypoxia and are required for growth under hypoxia and pathogenicity ([@ref16]; [@ref20]). Nevertheless, much remains to be learned about the regulatory mechanisms of the SREBP pathway and ergosterol homeostasis under hypoxia in *M. oryzae*. In addition, it is necessary to study other oxygen sensing mechanisms in plant pathogens. Transcriptional profiling under hypoxia revealed that *M. oryzae* also has hypoxia-responsive metabolisms, such as fatty acid and heme biosynthesis, and iron uptake and other transcription factors that are conserved in other fungal pathogens ([@ref16]). It will be intriguing to elucidate their roles in hypoxia adaptation and fungal virulence. Finally, further research on the adaptation mechanisms for *in planta* hypoxia in other pathosystems remains to be investigated.
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HIF-1

:   Hypoxia-inducible factor-1

PHD

:   Prolyl hydroxylase domain-containing enzyme

VHL

:   von Hippel-Lindau protein

FIH-1

:   Factor-inhibiting HIF-1α

ERFs

:   Ethylene response factors

ROS

:   Reactive oxygen species

NO

:   Nitric oxide

ETC

:   Electron transport chain

SREBPs

:   Sterol regulatory element binding proteins

ER

:   Endoplasmic reticulum

SCAP

:   SREBP cleavage-activating protein

PMN

:   Polymorphonuclear leukocyote

TCA

:   Tricarboxylic acid

PCO

:   Plant cysteine oxidase

HRE

:   Hypoxia-responsive ERF

PAL

:   Phenylalanine ammonia-lyase

PER

:   Peroxidase

4-CL

:   4-coumerate coenzyme A ligase

CAD

:   Cinnamyl alcohol dehydrogenase

PDC

:   Pyruvate decarboxylase

ADH

:   Alcohol dehydrogenase

HCD

:   Hypersensitive cell death
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